The quark-gluon plasma (QGP) excitations, corresponding to the scalar and pseudoscalar meson quantum numbers, for different temperatures are calculated. Analysis is performed in the Hard Thermal Loop (HTL) Approximation and leads to a better understanding of the excitations of QGP in the deconfined phase and is also of relevance for lattice studies.
I. INTRODUCTION
In this paper we consider the scalar and pseudoscalar mesonic correlation function at high temperature Quantum Chromodynamics (QCD) in the framework of the Hard Thermal Loop (HTL) approach. The evaluation of the mesonic correlator at finite momenta allows, by Fourier transform, to get information on its large distance behavior. This, in turn, is governed by the mesonic screening mass, a quantity which has been evaluated in lattice QCD at large temperature. Hence the present, perturbative results can be compared and tested versus the lattice results.
A similar approach was carried out by the authors a few years ago for the pseudoscalar channel only [1] . The results were encouraging but showed some non-negligible discrepancy with respect to the lattice data. The present work contains significant improvements in the numerical precision of the calculations as well as a new approach to the analytical representation of the spatial correlators, thus providing a more accurate extraction of the mesonic screening masses in the QGP. Moreover the investigation is extended to the scalar channel, for which more recent lattice QCD data are available, hence allowing for a more complete discussion of the present result.
The features of the meson-like excitations inside the hot Quark-Gluon Plasma (QGP) provide interesting information on the persistence of interaction effects up to rather large temperatures, a characteristic which renders QGP a somewhat peculiar status of matter and strengthens the interest on the present experiments which aim to investigate and clarify the many issues and questions posed by QCD calculations.
In spite of the well-grounded reputation of lattice QCD results, an analytical calculation, like the one presented in this work, although contained within the limits of the model approach, may allow a deeper understanding of the physical behavior of quarks inside the plasma and the identification of the relevant degrees of freedom.
The paper is organized as follows: in Section 2 we shortly recall the details of the calculation of the mesonic spatial correlation function and spectral function, both within the HTL approximation and for the free case. In Section 3 we illustrate the details of the fitting procedure adopted in order to derive precise values of the asymptotic mass. The results for the scalar and pseudoscalar channels are shown and compared with a few lattice data.
Comments and conclusions are reported in Section 4.
II. SCALAR MESON SPATIAL CORRELATION FUNCTION
The spatial correlation function is conveniently obtained from the finite temperature correlator of currents carrying the proper quantum numbers to create/destroy mesons:
where τ ∈ [0, β = 1/T ] andJ M denotes the fluctuation of the current operator J M =q Γ M q, the vertex Γ M selecting the appropriate channel (scalar, pseudoscalar, etc.). The correlator in Eq. (1) is usually expressed through its Fourier components:
ω n = 2nπT (n = 0, ±1, ±2 . . . ) being the bosonic Matsubara frequencies.
We are now interested in the z-axis correlation function G(z),
where the integrations select in Fourier space the vanishing frequency and transverse momentum components. The asymptotic behavior of static plane-like perturbations with the quantum numbers of a (scalar) meson is expected to be exponentially suppressed at large values of z (the distance from the plane in the transverse direction)
The suppression parameter, which is governing the large distance behavior, is the so-called screening mass m scr . It gives information on the nature of the excitations characterizing the QGP phase; the correlator G(z) is frequently studied in lattice simulations, from which the screening mass can be extracted as well.
One can express the spatial correlation function through the finite momentum spectral function of the quark-antiquark excitations in QGP, σ(ω, p). Here we shall consider explicit formulas for the scalar channel only, though results will be presented both for the scalar and pseudoscalar channels. The latter was dealt with in Refs [1, 2] and we refer the reader to these works; moreover in the massless case chiral symmetry provides similar formulas for the scalar and pseudoscalar cases, as it will be pointed out below.
In the scalar channel the spectral function σ S (ω, p) is related to G S (z) by:
where p z is the momentum in the z-direction. This is the starting point for investigating z-axis correlations.
In spectral representation one can relate the spectral function σ S (ω, p) with the meson propagator χ S (iω n , p) as follows:
The scalar meson 2-point function [3] , in turn, is
where S(iω n , k) is the quark propagator and N f N c are the numbers of flavors and colors.
In HTL approximation the quark propagator is dressed by the interaction with the other particles of the thermal bath (antiquarks and gluons), carrying typical hard momenta (proportional to the temperature of the thermal bath); in the spectral representation one can write:
where the HTL quark spectral function is
with
and
Here the thermal gap mass of the quark is m q = gT / √ 6.
Inserting (8) into (7) and setting q = k − p one gets:
Then we sum over the Matsubara frequencies in Eq. (12) with a standard contour integration, we perform the usual analytical continuation iω l → ω + iη + (corresponding to retarded boundary conditions) and extract the imaginary part of the result, thus obtaining:
Now, by inserting Eq. (9) into Eq. (13) and since
one gets
which is exactly equal to the σ PS (ω, p) of Ref. [2] , since for massless quarks chiral symmetry holds (the thermal mass m q acquired in the bath does not affect the symmetries of the original Lagrangian).
In the case of a non-interacting system of quarks with mass m, at finite momentum the free quark spectral function reads:
Eq. (13) one gets the analytic expression [4] :
where
For high energy (ω → ∞) the spectral function diverges quadratically (σ → ω 2 ), hence in order to get a finite result for G(z) Eq. (5) one has to regularize integrals. For the non interacting QGP the problem was solved for all mesonic channels in Ref. [5] by adopting the Pauli-Villars regularization scheme. In the scalar channel one gets:
The same procedure cannot be adopted for the interacting case, since the meson spectral function is obtained only via numerical evaluation. Nevertheless a "numerical" regularization of the integrals can be performed by following the same method proposed in Ref. [1] . We notice that the high frequency divergence is of the same order both for the free and for the interacting system; hence we first define the difference between the two spectral functions:
The numerical evaluation of this quantity was accurately tested to converge to zero for high energies and, for a given momentum p z , it can be numerically integrated as well. In Eq. (19) the asymptotic mass m = √ 2m q has been used in the free spectral function (the so-called auxiliary spectral function of Ref. [1] ).
Here we shall not limit ourselves to consider the scalar channel, for which no result exists yet: we also present results for the pseudoscalar channel since we have significantly increased the precision of the numerical calculations with respect to previous works [1] . In Fig. 1 we show the ω dependence of Eq. (19) for a few values of the momenta p z . The numerical calculations were carried out up to ω = 2500f m −1 , in order to check the perfect convergence to zero, in the infinite ω limit, of the difference between the full and the free spectral functions.
Then we fit the numerically obtained
to a sum of Yukawa like functions:
which can be easily converted by the Inverse Fourier Transform (IFT) to G dif f (z) in coordinate space
The parameters m i and c i for different temperatures ranging from 1 to 10 T c are collected in Table I for the pseudo-scalar channel and in Table II for the scalar one. We remark that two terms are sufficient in the pseudoscalar channel, while the scalar one requires up to four terms, depending upon the temperature. The number of digits reported in the tables is required to ensure an accurate fit of the function. The accuracy of the fit is shown in Fig. 2 for the two channels, at two different temperatures above T c . One can notice a similar behavior (apart from sign and size) at the higher temperature, while T /T c = 2 shows that the two channels have the same sign, but the minimum in the scalar channel is absent in the pseudoscalar one.
T /T
After Fourier transforming, according to Eq. (21), the final formula for the full spatial correlation function in coordinate space is:
For large z the final results (22) is once again fitted to an analytic function as follows
At variance with the previous approach, where we have assumed that the interaction part G dif f (p z ) of the correlation function is dominating and we have extracted the screening mass m scr = m 1 directly from its asymptotic contribution, namely from the lightest masses of Table I (only the pseudoscalar channel was considered in Ref. [1] ), here we improve the fitting procedure by extracting the screening masses directly from the fit of the the total spatial correlation function Eq. (23). This makes a small but significant difference (in the previously considered channel): indeed now the masses approach the high temperature limit from below the free, massless non interacting system limit (2πT ). We should also notice that, while in the pseudoscalar channel the choice of the lightest mass is rather obvious at all considered temperatures, in the scalar channel this procedure would be questionable (see Table II ).
In Table V we summarize the results for the screening masses at all temperatures and for all channels considered here. The numbers in the table are calculated assuming N f = 2 and T c = 202 MeV for the transition temperature, according to Ref. [6] (this value is also close to the one resulting from the lattice calculations we shall compare later on). The ratio T c /Λ M S = 0.7721 for the N f = 2 case was taken from Refs. [7] [8] [9] . Throughout the calculation we have employed a running gauge coupling as given by the two-loop perturbative beta-function, leading to the expression:
. The choice of the renormalization scale µ should reflect the typical momentum exchanged by the particles which, in an ultra-relativistic plasma, is of order T . Here, for the sake of simplicity, we adopt the choice µ = 1.142πT , which was suggested in Ref. [6] . For reference, we also recall that the thermal gap mass of the quark is m q = g(T )T / √ 6.
Next we compare our results for the screening masses with recent lattice results. In particular we refer to the lattice data of Cheng et al. [10] , which are the most recent and we show a comparison with the results of Mukherjee [11] , who also provides data in the scalar channel. Fig. 4 shows the temperature dependence of the screening masses obtained in the present work, both in the scalar (black circles) and pseudoscalar (black diamonds) channels, divided by the free massless asymptotic limit (2πT ). Three values of temperature are shown (1, 2 and 4 T c ), the last being the upper limit for which lattice data are also available. We report our result at T = T c only for sake of comparison, but we remind the reader that the HTL approach can be considered as a reliable one only at higher temperatures (e.g. T = 2T c or more).
In the left panel we compare with the results of Cheng et al. [10] in the pseudoscalar channel. The agreement is not very satisfactory and appears to be better for the smaller lattice (open squares). In the right panel we compare with the results of Mukherjee [11] , which allow for a full comparison in both channels: with the exception of the lowest temperature points, already commented above, the agreement between lattice data and our calculation is rather good. The scalar and pseudoscalar lattice results are closer to each other than in our approach, but the trend and the size are quite comparable.
FIG. 4:
Temperature dependence of the scalar and pseudoscalar screening masses compared with the lattice results extracted from Refs [10, 11] The same considerations apply to the results illustrated in Fig. 5 , where we extend the scale of the temperature up to 10 T c , the highest value considered in this work: here we also compare with the screening mass of the "non-interacting quarks", namely with the screening mass value of the auxiliary spectral function employed to evaluate the full HTL results: m f ree scr = 2
The latter is obviously always larger than 2πT but we can assume it as the asymptotic value, which in the figure appears to be almost reached at T = 10 T c .
III. CONCLUSIONS
The main goal of this paper was to calculate the asymptotic mass, at different temperatures, of the scalar and pseudo-scalar mesons in an interacting quark gluon plasma described within the HTL approximation. For this purpose we considered the scalar and pseudo-scalar mesonic correlation function at high temperature QCD. The evaluation of the mesonic correlators allowed us to obtain information on its large distance behavior, which, in turn, is governed by the mesonic screening mass.
The main issue of the present approach, which extends to the scalar channel the methodology employed in a previous work [1] , was to improve the precision in the numerical deter- mination of the correlators at large distances, hence obtaining a more precise determination of the screening mass, the parameter which governs the large distance behavior. We have thus modified the procedure for fitting the numerically determined HTL correlator: the full (interacting) correlator is determined via the asymptotic (analytic) behavior of the free system, which allows for an appropriate regularization of the otherwise divergent integrations.
Then a sequence of fitting procedures, first in momentum space and then in coordinate space, allowed us to determine the screening mass more accurately than in the past.
Although the differences do not appear to be dramatic, an important feature of the screening masses presently obtained is that they approach, with increasing temperature, the non interacting limit from below rather than from above, as in the previous work. The comparison with the available lattice data confirms this characteristic. Moreover the values for the screening masses we obtained here are in fair agreement with at least one set of lattice data [11] . Only close to the critical temperature our approach shows disagreement with respect to lattice results, which does not come as a surprise, since the HTL approach is considered to be reliable only well above T c .
We also notice that other perturbative computations of the static correlation lengths [12, 13] , led to a small but positive correction to the free screening mass:
∆ being an additional correction term, to the same order. The numerical values turn out to be above free limit 2πT , whereas all available results from lattice collaborations lie below it [6-8, 10, 11, 14-23] . This fact strengthens the validity of the present approach and particularly of the double fitting procedure which allowed us to obtain smaller screening masses within, basically, the same HTL approach used in the past.
